Abstract. This study was designed to investigate the anti-osteoporotic activity of polydatin and its possible underlying mechanism. Osteoporosis was induced in mice by ovariectomy (OVX) and the mice were divided into 5 groups: An OVX only group, polydatin groups (10, 20 and 40 mg/kg) and a sham group (n=10/group). After 12 weeks of treatment, body weight, uterine index and the dry weight of thigh-bones were recorded. In addition, the serum calcium, serum phosphorus, alkaline phosphatase (ALP) and osteoprotegerin (OPG) levels were also determined. Western blot analysis was then conducted to investigate the possible mechanism underlying the effect of polydatin via determining the expression of OPG, receptor activators of nuclear factor-κB ligand (RANKL) and β-catenin in the ST2 cell line. The results indicated that intraperitoneal injection of polydatin (10, 20 and 40 mg/kg/day) decreased body weight, and increased uterine index and dry weights of thigh-bones of ovariectomized mice (P<0.05), and polydatin also significantly increased the serum calcium, phosphorus, ALP and OPG of ovariectomized mice (P<0.05). Results of western blot analysis showed that polydatin upregulated the ratio of OPG/RANKL (P<0.05) and β-catenin protein in ST2 cells. In conclusion, the results demonstrated that polydatin exhibits anti-osteoporotic activity via regulating osteoprotegerin, RANKL and β-catenin.
Introduction
Osteoporosis is a progressive bone disease characterized by low bone mass, microarchitectural deterioration of bone tissue and a high risk of fractures (1, 2) . In addition, osteoporosis can easily result in serious bone fragility and susceptibility to fracture (3) . It was estimated that over 200 million individuals has osteoporosis worldwide in 2013 and ~30% of the postmenopausal women in the USA and Europe suffer with osteoporosis (4, 5) . Currently, estrogen is one of the most commonly used treatment strategies for treating postmenopausal osteoporosis (6) . However, studies have demonstrated that estrogen treatment could result in serious adverse effects, such as endometrial carcinoma, breast cancer and cardiovascular disease (4, 7) . It is therefore key to identify novel strategies with low toxicity for treating osteoporosis.
Polydatin (3,4',5-trihydroxystilbene-3-β-D-glucoside), predominantly isolated from the roots of Polygonum cuspidatum Sieb, is a known natural stilbenes compound with wide pharmacological activity (8) . Previous studies have demonstrated that polydatin possesses notable anti-inflammatory, anti-oxidant, anti-shock, anti-asthmatic and anti-hypertrophic effects (8) (9) (10) (11) (12) (13) . Postmenopausal osteoporosis is associated with ovarian hormone deficiency and is a common reason for age-related bone loss (14) . The ovariectomized rat model is a commonly used osteoporosis animal model due to its similarities in etiology and pathology to postmenopausal osteoporosis. Blood calcium and phosphorus are two important elements that are key for the integrity and remodeling of bone; alkaline phosphatase (ALP) is a crucial enzyme for bone remodeling; and receptor activators of nuclear factor-κB ligand/osteoprotegerin (RANKL/OPG) is reported to be important for the formation and differentiation osteoclasts. Thus, these indicators are commonly used to investigate osteoporosis and were analyzed in this study (2) (3) (4) 14) . The present study was designed to investigate the anti-osteoporotic activity of polydatin on postmenopausal osteoporosis using the ovariectomized rat model, and to determine its related molecular mechanisms.
Materials and methods
Chemicals. Polydatin was purchased from Shanghai Tauto Biotech Co., Ltd. (Shanghai, China), and its purity was >98%. α-modified minimum essential medium (α-MEM) and fetal bovine serum (FBS) were purchased from Gibco, Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Dimethyl sulfoxide (DMSO) and serum OPG enzyme-linked immunosorbent assay (ELISA) kits were purchased from Sigma-Aldrich (St. Louis, MO, USA). Rabbit anti-RANKL (cat. no. BA1323 1:500) and OPG (cat no. BA1475 1:500) polyclonal antibodies were purchased from Wuhan Boster Bio-engineering Co., Ltd. (Wuhan, China). Rabbit anti-β-catenin (cat. no. ab6302; 1:2,000), anti-histone (cat. no. ab1791; 1:2,000) and anti-β-actin (cat. no. ab5694; 1:2,000) polyclonal antibodies were purchased from the Abcam (Cambridge, MA, USA). Bicinchoninic acid (BCA) protein assay reagents and western blot & IP cell lysis buffer kits were purchased from Beyotime Co. (Hangzhou, China). All other regents used in this study were of analytical grade.
Animals. Animal protocols were established according to the generally accepted international guidelines, and approved by the Animal Care and Use Committee of the Guangdong Province Corps Hospital (Chinese People's Armed Police Forces, Guangzhou, China; approval no. 20141109_01#). Female ICR mice (age, 3 months; n=10/group; weight, 20±2 g) used in the present study were purchased form the Shanghai Laboratory Animal Center (Shanghai, China). All animals were housed at 21±1˚C and 50-60% humidity under a 12 h light/dark cycle and had free access to standard pellet diet and tap water.
Toxicity tests. The 80 ICR mice were random divided into 8 groups (n=10). Mice of groups 1-7 were administered 2.5, 5, 10, 20, 40, 80 or 100 mg/kg polydatin by intraperitoneal injection (i.p.), respectively. Group 8 was administered normal saline (10 ml/kg, i.p.). The mortality rate of the mice in each group was observed during a 24 h period. Notably, neither death nor any abnormal neurobehavior were observed, and thus the lethal dose (LD) 50 of polydatin was not obtained.
Preparation of ovariectomy mice and experimental protocol.
Osteoporosis was induced by ovariectomy (OVX) surgery according to the method described by Kalu (14) . After general anesthetic with 50 mg/kg, i.p. sodium pentobarbital, an incision was made through the back and bilateral ovaries were resected. Mice undergoing sham surgery mice underwent the same surgical procedures without ovary resection.
The prepared OVX mice were randomly divided into an OVX group, 3 polydatin treatment groups (10, 20 and 40 mg/kg) and sham surgery group. The polydatin treatment lasted 12 weeks; following treatment body weights of all the mice were recorded. Subsequently, mice were sacrificed via cervical dislocation under sodium pentobarbital (50 mg/kg, i.p.) anesthetic. Blood samples (~1 ml) were collected and centrifuged at 4˚C at 3,000 x g for 10 min to obtain serum for further experiments. Furthermore, the uterus were collected and weighed immediately to calculate the uterine index, and the thigh-bones of mice were collected to investigate the dry weights.
Determination of serum ALP, calcium and phosphorus. The serum ALP, calcium and phosphorus levels were determined using the automatic biochemistry analyzer (Beckman Coulter AU5800, Brea, CA, USA).
Determination of OPG in the serum. The serum OPG level was determined using a commercial ELISA kit, according to the manufacturer's instructions and was measured using a microplate reader (Multiskan FC, Thermo Fisher Scientific, Inc.) at 450 nm.
Cell culture. The ST2 mouse bone marrow stromal cell line was purchased from the American Type Culture Collection (Mannasas, VA, USA). The cells were cultured in α-MEM medium which was supplemented with 10% FBS, and the cells were cultured at 37˚C in 5% CO 2 /95% air.
Western blotting. ST2 cells were treated with or without polydatin (10, 20 and 40 µg/ml) for 48 h, and then were harvested. Total proteins of cells were extracted using the western blot and IP cell lysis buffer kit. After quantification of total protein using the BCA protein assay reagent, 40 µg protein was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, blotted on polyvinylidene difluoride membranes, and probed with various primary antibodies, and subsequently with horseradish-peroxidase-conjugated secondary antibody (Wuhan Boster Bio-engineering Co., Ltd.) and detected by chemiluminescence with BeyoECL Plus reagents (Beyotime Institute of Biotechnology, Jiangsu, China). To measure protein loading, antibodies directed against β-actin/histone were used.
Statistical analysis. Data are expressed as the mean ± standard deviation. Statistical analyses were performed using one-way analysis of variance followed by Dunnett's multiple comparisons test using SPSS software 18.0 (SPSS Inc., SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of polydatin on body weight and uterine index of ovariectomized mice. As shown in Fig. 1, after 12 weeks of treatment of polydatin, the ovariectomized mice had a significantly increased body weight compared with the sham mice (P<0.01). Notably, the increased weight of ovariectomized mice was reversed following treatment with polydatin. Treatment of polydatin at doses of 10, 20 and 40 mg/kg/day significantly prevented the weight gain observed in ovariectomized mice (P<0.05, P<0.01 and P<0.01, respectively). Furthermore, this occurred in a dose-dependent manner.
The uterine index of the mice was decreased following OVX surgery compared with that in the sham mice (P<0.01). However, polydatin at doses of 20 and 40 mg/kg/day increased the uterine index compared with mice in the OVX group (P<0.01) (Fig. 2) .
Effects of polydatin on serum calcium and phosphorus levels in the ovariectomized mice. As shown in Fig. 3 , following OVX, the serum calcium and phosphorus levels of the mice in the OVX group were decreased compared with that in the sham mice (P<0.01). Notably, it was demonstrated that treatment with polydatin (10, 20 and 40 mg/kg/day) increased calcium (P<0.05) and phosphorus levels in the serum (P<0.05, P<0.01, P<0.01, respectively) compared with the OVX group. This occurred in a dose-dependent manner.
Effects of polydatin on ALP and OPG of ovariectomized mice.
As shown in Fig. 4 , ALP levels of ovariectomized mice were increased following OVX surgery. Furthermore, polydatin at doses of 10, 20 and 40 mg/kg/day significantly decreased the ALP level compared with the OVX group (P<0.05, P<0.01 and P<0.01, respectively) in a dose-dependent manner.
Conversely, the OPG levels in the mice of the OVX group were significantly decreased compared with that in the sham mice (P<0.01) (Fig. 4) . Treatment with polydatin (10, 20 and 40 mg/kg/day) increased the OPG levels in the serum compared with the OVX group (P<0.01), in a dose-dependent manner.
Effects of polydatin on thigh-bone weight of OVX mice. As shown in Fig. 5 , thigh-bone weight of ovariectomized mice decreased following removal of the ovaries compared with that in the sham group (P<0.01). However, treatment with polydatin (10, 20 and 40 mg/kg) resulted in a significant elevation in thigh-bone weight compared with that in the OVX group (P<0.05, P<0.01 and P<0.01, respectively). This occurred in a dose-dependent manner.
Effect of polydatin on OPG and RANKL expression in ST2 cells. As shown in Fig. 6 , polydatin (10, 20 and 40 µg/ml) significantly increased the protein expression of OPG in ST2 cells compared with control (P<0.01) in a concentration-dependent manner. Conversely, RANKL protein expression was downregulated by polydatin at a concentration of 10, 20 and 40 µg/ml compared with the control (P<0.01), this occurred in a concentration-dependent manner. Consequently, the ratio of OPG/RANKL was upregulated following treatment with polydatin.
Effect of polydatin on β-catenin expression in ST2 cells. As shown in Fig. 7 , 10, 20 and 40 µg/ml polydatin significantly upregulated the protein expression of OPG in the cytoplast and nucleus compared with the control (P<0.05, P<0.01 and P<0.01, respectively), this occurred in a concentration-dependent manner.
Discussion
Increasing evidence has demonstrated that natural plant-derived constituents/extracts are promising potential resources for identifying effective candidate drugs. In addition, natural compounds are reported to have few side effects and may be candidates for treating various diseases (15) (16) (17) . To the best of our knowledge, this study was the first to demonstrate that polydatin exhibited significant anti-osteoporotic activity on OVX-induced osteoporosis in mice.
Osteoporosis is associated with ovarian hormone deficiency following menopause, and is one of the most common reasons for bone loss. The ovariectomy-induced osteoporotic mouse model is a common and reliable animal model, which simulates the clinical symptoms of postmenopausal osteoporosis in women (18, 19) . It is reported that ovariectomy resulted in body weight increases and uterus weight decreases (20) . In the present study, polydatin was shown to increase the uterine index and decrease the body weight of mice that had undergone ovariectomy, suggesting that polydatin could improve the symptoms of osteoperosis. Bone loss can be reflected by the levels of calcium and phosphorus in serum (4) . ALP is an important enzyme for bone remodeling, and the increase of ALP is another index for osteoporosis (21) . The results showed significantly elevated calcium and phosphorus levels in the serum of ovariectomized mice, and decreased levels of ALP. These results indicated that polydatin possessed potential anti-osteoporotic activity for treating ovariectomized mice. ST2 cells are mesenchymal stem cells that have the ability to differentiate into osteoblast-like cells, and this cell line is commonly used to explore the mechanism of anti-osteoporotic drugs. The RANKL/OPG ratio is crucial in osteoclast formation and differentiation, and bone resorption. RANKL induces osteoclast differentiation via binding to RANK, and OPG can suppress osteoclastogenesis and bone resorption via blocking the communication between RANKL and RANK (4, 19) . The present study showed that treatment with polydatin significantly decreased the expression of RANKL, and increased the expression of OPG, indicating that polydatin possessed the potential to inhibit bone loss and resorption. The Wnt/β-catenin pathway is also important in the generation of osteoblasts, and bone development and remodeling. In addition, previous studies have demonstrated that upregulation of the Wnt/β-catenin protein is a possible strategy for treating osteoporosis (22, 23) . The results of the present study also demonstrated that the polydatin upregulates the expression of β-catenin proteins in the cytoplast and nucleus of ST2 cells.
In conclusion, the present study suggested that polydatin could alleviate the osteoporotic symptoms of OVX mice via upregulating OPG and β-catenin and downregulating RANKL. Furthermore, the present results may aid the development of polydatin as an effective drug to treat osteoporosis in the clinic.
